Occupants' health and performance is greatly affected by their thermal comfort state in the indoor environment. The indoor environment is affected by heat released from the occupants and the interaction between the microclimate around the body and the surrounding ventilation flow.
| INTRODUC TI ON
Occupants' health and performance is greatly affected by their thermal comfort state in the indoor environment. The indoor environment is affected by heat released from the occupants and the interaction between the microclimate around the body and the surrounding ventilation flow. [1] [2] [3] [4] Therefore, it is necessary to understand the characteristics of the air in the vicinity of the human body. Due to convective heat release, the human body is encased in a microclimate that consists of a boundary layer with significantly different air temperature and velocity from that of the surrounding environment.
Under typical conditions, the convective heat dissipation from the human body is dominated by buoyancy-driven natural convection.
In this case, the temperature difference between the surface of the human body and the adjacent air is the most influential variable on the properties of the microclimate. This difference in temperature determines the velocity of the flow responsible for the convective heat transfer. The higher the temperature difference, the higher the air velocity in the microclimate and the higher the heat transfer coefficient of the body segments. 5 Furthermore, other factors such as clothing, body geometry (posture, shape, and size), ventilation, and human respiratory flow have a major influence on the thickness of the microclimate around the human body as well. 6, 7 Furniture type and arrangement such as the chair design and table positioning in front of the body also are found to have an impact on the characteristics of the microclimate. 8, 9 Thus, the thickness of the human convective boundary layer is different depending on the indoor climate.
The shape and size of the body segments also influence the attributes of the microclimate. Generally, the thickness of human convective boundary layer at the feet region is relatively small (around 5 cm) as stated by Murakami et al. 10 The thickness of this layer increases as one moves upwards along the body surface. The thickness grows around large surfaces along the flow direction, such as the chest and the back, where convective heat loss is low. Nineteen centimeter thickness was measured at the neck. 10 Moreover, the thickness of the layer defined by the flow velocity might be different from the thickness of the thermal layer. The thickness of the flow velocity-defined layer ranges from 8 cm around the feet to 15 cm at the head. The maximum flow velocity is about 0.2-0.3 m s −1 , which can be found within the plume above the head. 11 The coupling of computational fluid dynamics (CFD) and a human thermoregulation model accounts for the different characteristics of the human body's microclimate when evaluating the thermal en- 20, 21 in which data transfer was carried out manually.
This study also implements the UCB model, which was developed based on the Stolwijk model to evaluate complex thermal environments. This UCB thermal comfort model is a system of linked nonlinear differential equations that describe the human body's heat balance. It consists of 16 body segments, each consisting of four concentric layers (core, muscle, fat, and skin). 22 Furthermore, the model implements an additional node that accounts for heat and moisture transfer through the clothing. 23 Heat transfer by convection, conduction, and radiation (short wave as well as long wave) is calculated independently. Additionally, the model utilizes a detailed approach to calculate heat exchange due to blood flow.
It accounts for physiological mechanisms and factors such as vasodilation, vasoconstriction, sweating, metabolic rate, gender, and age. 22 Moreover, the model recognizes individual physiognomic differences and their influence on the thermoregulation of the body. 24 As a result of its comprehensive components, the UCB model has received much attention. 25 It was used by many researchers to evaluate thermal comfort due to its comprehensive method of calculation. [26] [27] [28] Even though coupling with CFD simulations has been investigated by researchers before, there is still a shortage of information about this topic in literature. The details of the preparatory work, validation, and clear data about the boundary conditions must be studied and presented. Furthermore, as the human body's microclimate does not have a uniform thickness, the location from which air temperature in the macroclimate is transferred to the thermoregulation model must be determined. This paper aims to contribute to existing knowledge by addressing these issues.
This study introduces an automatic coupling of the UCB thermal comfort model and STAR-CCM+ CFD software using a simple yet practical scheme. Before developing the coupling, a series of empirical measurements was conducted in a climate chamber. The CFD model was then validated using data from the empirical measurements. Afterward, a JavaScript was programmed to automatically couple the CFD simulation to the UCB thermal comfort model. This script transfers data back and forth between the CFD solver and the UCB model until it reaches convergence defined by a stopping criterion.
| ME A SUREMENTS AND VALIDATI ON
To validate the numerical model, a series of measurements was performed in the climate chamber of the Department of Building Physics at the Bauhaus-University Weimar. The chamber is 3 × 3 × 2.44 m situated inside a laboratory hall to isolate it from the outdoor environment. In addition to its ventilation system, the chamber can be tempered by controlling the temperature of each interior surface (4 walls, floor, and ceiling) separately through water-bearing capillary tubes embedded under the finishing layer. In this study, the ventilation system was turned off; the climate chamber was tempered by
Practical Implications
• The findings of this paper contribute to the existing knowledge of the microclimate surrounding the human body.
• The coupling of CFD and thermoregulation models improves the estimation of thermal comfort when designing HVAC systems.
• Thus, it helps researchers and designers to create a better-built environment for occupants which increases their comfort and productivity.
setting all the six surfaces to the same temperature (θ w = 18°C). This resulted in a relatively uniform thermal environment with almost no vertical stratification and no radiant temperature asymmetries.
Moreover, this approach simplifies the assessment of thermal comfort as mean radiant temperature is approximately equal to air temperature in this case.
The chamber is equipped with a thermal manikin with a complex male body shape that simulates the heat release of the human body. To make the simulation results comparable to the measurements, it is necessary to conduct the simulation using a detailed geometry of the chamber and the measurements setup. Therefore, a 3D laser scanner was used to capture the exact shape of the thermal manikin ( Figure 1 ). STAR-CCM+ software was used to run the CFD simulation in this research. To simulate natural convection, the air domain was set as an incompressible ideal gas. This assumption justifies the use of the incompressible Navier-Stokes equations. Moreover, Boussinesq approximation was used to treat the effect of temperature on density. The numerical model consisted of ~1 600 000 polyhedral cells with a cell base size of 7 cm with a local mesh refinement around the manikin's body of 75% of the cell size to achieve a y+ value of ~1 (Figure 1 , right). Similar to the empirical measurements, the temperature of the six surfaces of the climate chamber geometry was set to θ w = 18°C. The surface temperature of the manikin's body segments used in the empirical measurements was defined in the CFD solver. As all surfaces in the numerical model were defined as fixed temperature boundary condition, radiative heat transfer was not accounted for in the CFD simulation. Relative humidity was not considered in the CFD simulation, and it was left to its default value (φ = 50%) in the UCB model.
Validation was conducted by comparing air temperature and velocity between measurements and simulation in multiple points around the manikin's body. An example of this is presented in Figure 2 , which exhibits measured and simulated air temperature and velocity horizontally above the head. Error bars plotted in Figure 2 indicate the standard deviation of the measured values. After comparing all of the available turbulence models, the k-ω-SST model showed the best agreement with the measured data. The k-ω-SST model utilizes the k-ε model within the free space and the k-ω model near the walls, which combines the advantages of the two models in a blending function. Therefore, the coupling was conducted using this turbulence model.
| COUPLING OF CFD AND UCB MODEL
As mentioned earlier, the CFD solver and the UCB model were linked using a JavaScript. The CFD solver calculates the climatic conditions Based on this, the UCB model determines the segment-specific surface temperature of the human body; data are then transferred back to the CFD solver in an iterative process as heat emission from the body influences the room climate ( Figure 3 ).
To end this iteration loop, a stopping criterion was defined as the amount of difference between the results of two subsequent loops of the iteration. ε ≤ 0.1 K was selected as a stopping criterion for the coupling of the two already converged simulations. In other words, before coming to this criterion, both CFD and UCB simulations were fully converged. Multiple test simulations were conducted when the coupling script was developed to ensure the sensitivity of the selected criterion. Furthermore, a 0.1 K temperature difference has no significant influence on the calculated thermal sensation and comfort in the UCB model. Numerous tests of the coupling showed that 3-4 iteration loops were required to reach this criterion and achieve convergence. When the simulation is finished, local thermal sensation was determined by the UCB model as a function of local and overall averaged skin temperature using a logistical function. The determination of the thermal comfort took place in the UCB model depending on the local and overall thermal sensation.
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| The microclimate around the human body
We define the microclimate as the range in which the properties of the flow differ from the air in the macroclimate by the presence of a human being. Thus, the definition is similar to Ludwig Prandtl's concept of "boundary layer," in which v a,microclimate ≤ 0.99 · v a,macroclimate .
32
To transfer the climatic parameters from the CFD simulation to the UCB model, an exact knowledge of the microclimate surrounding the human body is necessary. at the head as well as at the plume over the head. Interestingly, the flow reaches a break-off point after the maximum thickness at the head (supercritical flow). This so-called dead zone is characterized by small-scale swirling, which is resulted by high Reynolds and Grashof numbers in this region.
| Transition to the macroclimate
Air temperature around each body segment needs to be transferred to the UCB comfort model from the CFD simulation. As the UCB model requires air temperature from the macroclimate, the transferred values should be taken from outside the microclimate far from the manikin body. Nevertheless, it should also be taken as close as possible to the corresponding body part to accurately estimate the local sensation. Therefore, it is essential to determine the thickness of the microclimate first as it differs depending on the boundary conditions and the respective segment. Therefore, a different approach was used in this study to determine the simulated air temperature in the macroclimate around the respective body segment. In the CFD simulation, the air temperature was taken orthogonally to the surface of each segment ( Figure 7 ). The air temperature in the macroclimate is determined using an algorithm from the temperature profile curve. Figure 8 shows the approach of determining the stopping criterion (eg, ε = 0.1 K) on the basis of the difference between predecessor and successor using:
However, it is important to incorporate multiple predecessors to minimize errors caused by any temperature irregularities in the CFD simulation.
Furthermore, a function approximation was derived using sim- The coefficients A, B, and C were determined using the method of least squares for each segment under each boundary condition.
The derivation of this function can be used to determine the point In addition to air temperature, the air velocity is often transferred to the thermoregulation model during the coupling with CFD simulation to determine the convective heat transfer coefficient h c . 34 In the UCB model, the convective heat transfer coefficient h c is defined as a function of the air velocity using Equation (4).
where b and n are experimentally determined segment-dependent coefficients. In de Dear's study, 34 a uniform temperature gradient between surface and ambient (Δθ = 12 K) was assumed. However, our measurements and simulations showed that the experimental conditions cannot always be generalized and transferred to other boundary conditions. Table 1 shows that there is a dependence between the room climate and the heat transfer coefficients. The results would be even more different if the heat transfer of the human body included forced convection in addition to free convection. This confirms the assumption that both simulated and measured heat transfer coefficients should not be generalized. Therefore, the heat transfer coefficients were calculated directly from the CFD simulation using:
whereas the heat flux q is known from the CFD simulation, air temperature θ a is determined using Equations 1-3, and skin temperature θ s is determined by the UCB model. When the surrounding environment is strongly inhomogeneous, the heat transfer coefficients can be determined using the temperature in the near-wall cell.
Simulated air temperature and velocity in the microclimate when air temperature is set to θ a = 18°C F I G U R E 5 Unrealistic air temperature when defining the boundary conditions using heat flux
This approach determines the heat transfer coefficients according to the given climatic conditions instead of the velocity of the flow. Therefore, it increases the accuracy of the calculations and avoids errors in the non-trivial determination of the air velocity around the segment.
| E X AMPLE OF THE COUPLING APPLI C ATI ON S
Radiant floor cooling was investigated as a practical application of the coupling of CFD simulation and the UCB model to study thermal comfort. As space cooling can be a significant part of the energy consumption of buildings, the use of energy-efficient systems is becoming increasingly important. Compared to conventional methods, surface cooling is able to drastically reduce energy consumption.
Depending on various parameters, a savings potential of 10%-80% compared to conventional air-conditioning systems was reported in literature. 35, 36 Furthermore, radiant cooling can result in improved thermal comfort compared to all-air systems.
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The same geometry and solver setup used in the coupling investigations were implemented in the floor cooling simulation. Three air exchange rates were investigated (n = 0, 2.3, 4.7 h −1 ). The noventilation case (n = 0 h −1 ) was examined to simulate a room with no mechanical ventilation system and a radiant floor heating setup, which is common in Germany and other regions with mild summers and cold winters. Thus, the already-existing floor heating setup can be implemented for floor cooling by circulating cold water through the tubing embedded in the floor instead of hot water. Table 2 shows the boundary conditions of the simulated cases.
A total of 12 different scenarios were selected, and the temperature of the walls θ w was assigned equal to the inlet air temperature.
Hence, cooling is guaranteed by the floor cooling which was set to a surface temperature of 19°C during all simulation cases. A lower temperature allows for a higher cooling load, but it results in a higher dissatisfaction vote (θ floor = 19°C corresponds to PD = 10%).
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Thermal comfort was determined for the whole body (overall thermal comfort) and for each body segment (local thermal comfort) using the UCB model. The metabolic activity of the user was defined as 1 met (standard Stolwijk). 39 The relative humidity, which is not taken into account by the CFD simulation, was set to the default value of φ = 50%. An average office attire was chosen in the simulation. This attire consisted of a shirt, light jacket, pants, shoes, socks, height. The investigation of the overall thermal comfort and sensation using the UCB model exhibited further weaknesses. Overall thermal comfort score was barely comfortable (C o = 0.34), and the overall sensation score was slightly warm (S o = 0.8). This is due to the large difference in air temperature between the head and the feet.
The right-side figure in Figure 10 shows the simulation results of the same boundary conditions with the ventilation system acti- Local thermal sensation and comfort were determined based on local climatic conditions around each body segment. Figure 11 shows the thermal sensation of the individual body segments under the three tested air exchange rates and walls setting temperature of θ w = 26°C (cases No. 2, 6, and 10), taking into account each segment with its own coefficients. While the lower half of the body has a nearly neutral feeling, the upper half of the body was perceived as warm due to the vertical temperature gradient. This was slightly F I G U R E 1 0 Simulated profiles of air temperature when floor cooling is implemented F I G U R E 11 Local thermal sensation during the three simulated air exchange rates (cases No. 2, 6, and 10)
improved when the ventilation system is used. Figure 12 shows the local thermal comfort of body segments, which is dependent on their respective local sensation. 27 For example, the hand was perceived as warm, which leads to the evaluation of "just comfortable."
On the contrary, the sensation at the head was "slightly cool," which was nevertheless evaluated as comfortable. This is due to the thermosensitivity of the head which has high sensitivity to heat, but less sensitivity to cold. As the presented model accounts for heat dissipation from the human body through convection and radiation only, future research is needed to include heat loss via evaporation and respiration in the CFD model as these mechanisms play an important role in human thermoregulation. Furthermore, including the breathing process in the CFD simulation allows studying its influence on the body's microclimate, and consequently its influence on the coupling model.
| CON CLUS I ON S , LIMITATI ON S , AND FUTURE RE S E ARCH
